PHYSICAL REVIEW MATERIALS 2, 114203 (2018)

Universal superconductivity phase diagram for pressurized tetradymite topological insulators
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We show that two different superconducting phases exist at high pressures in the optimized tetradymite
topological insulators BiyTe,Se (BTS) and Bi; ;SbyoTe,S (BSTS). The superconducting phases emerge at
structural phase transitions; the first at ~8.4 GPa for BTS and ~12.4 GPa for BSTS, and the second at 13.6 GPa
for BTS and 20.4 GPa, for BSTS. Electronic structure calculations show that these phases do not have topological
character. Comparison of our results with prior work on Bi,Ses;, Bi,Tes, and (Bi, Sb),(Se, Te); allows us to
uncover a universal phase diagram for pressure-induced superconductivity in tetradymites, providing a basis for
understanding the relationships between topological behavior, crystal structure, and superconductivity for these

materials.
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I. INTRODUCTION

Tetradymites, well known as both thermoelectrics and
topological insulators, have the general formula M,X3, in
which M is a group V metal, usually Bi or Sb, and X is a group
VI anion, Te, Se or S. These elements have similar electroneg-
ativites, and thus the materials favor band inversion [1]. The-
oretical and experimental work has shown that the electrons
on their surfaces are topologically protected and can display
remarkable properties [2—15], thus making tetradymites one
of the most important materials families for the study of
topological insulators (TIs). If made superconducting, then
they are of interest for applications ranging from spintronic to
quantum computation [2,16—18] motivating us to investigate
how they might be tuned from a topological insulating state to
a superconducting state.

Chemical doping is a commonly available tuning method.
It can produce disorder, defects, and inhomogeneity in mate-
rials, however, and so is often not ideal. Pressure, on the other
hand, is a clean way to realize the tuning of interactions in
solids without introducing chemical complexity, and thus has
been successfully adopted in the study of some topological
insulators (TIs) [19-33]. Our study of the evolution of the
topological surface states on optimized tetradymite Bi,Te,Se
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(BTS) and Bi; ;SbyyTe,S (BSTS) crystals (by optimized we
mean highest bulk resistivities at ambient pressure) at high
pressures has been reported recently, for example [34]. Here
we focus on the investigation of the pressure-induced super-
conductivity in these two materials. We find that two pressure-
induced superconducting phases appear after their bulk in-
sulating states are suppressed. By comparing our results
with available data for pressurized Bi;Se; [21,33], BiyTe;
[23,31,35], and (Bi, Sb),(Se, Te); [28], we find a universal
pressure-dependent superconductivity phase diagram for all
tetradymite TIs.

II. EXPERIMENTAL DETAILS

High-quality single crystals of BTS and BSTS were
grown by the vertical Bridgman method, as described in
Refs. [36,37]. Before the experiments, the crystals were
freshly cleaved to expose pristine basal plane (001) surfaces.

The resistance measurements at high pressures were per-
formed in a diamond anvil cell (DAC), in which diamond
anvils with 400-um flats and a nonmagnetic thenium gasket
with 100-um-diameter hole were employed. The standard
four-probe electrodes were applied on the cleavage plane
of the BTS and the BSTS single crystals. To provide a
quasihydrostatic pressure environment, NaCl powder was em-
ployed as the pressure medium. High-pressure x-ray diffrac-
tion (XRD) measurements were also performed in a DAC on
beamline 4W2 at the Beijing Synchrotron Radiation Facility
and on beamline 15U at the Shanghai Synchrotron Radiation
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Facility. Diamonds with low birefringence were selected for
these XRD measurements. A monochromatic x-ray beam with
a wavelength of 0.6199 A was employed and silicon oil was
employed as a pressure-transmitting medium. The pressure
for all measurements in the DACs was determined by the ruby
fluorescence method [38].

III. RESULTS AND DISCUSSION

In Fig. 1 we show the electrical resistance as a function of
temperature for BTS and BSTS at pressures up to 24.1 and
31.8 GPa, respectively. As pressure increases, the resistances
begin to drop near 2.1 K at about 8.4 GPa for BTS [Figs. 1(a)
and Fig. S1 in the supplemental material] and near 2 K at
about 12.4 GPa for BSTS [Figs. 1(c) and S1 in the supple-
mental material] [39]. The magnitude of these drops becomes
more pronounced on further compression [Figs. 1(b) and
1(d)], and is followed by sharp decreases to zero resistance
at 10.7 and 16 GPa [Fig. 1(d)], respectively. The observa-
tion of zero resistance is a signature of superconductivity.
The superconducting transition temperatures 7¢ of these two
materials exhibit identical pressure dependences—increases
upon elevating pressure [Figs. 1(b) and 1(d)]. Remarkably,
the Tcs of BTS and BSTS display a sudden rise at 13.6
and 20.4 GPa [see the red arrows in Figs. 1(b) and 1(d)],
which implies the appearance of a new superconducting phase
[21,24]. On further increase of the pressure, the 7¢ of the
second superconducting phase decreases for both materials.

The superconductivity in these two TIs is confirmed by
both high-pressure measurements of the ac susceptibility and
the resistance under magnetic fields; the former shows dia-
magnetic throws [Figs. 2(a) and 2(b)] and the latter exhibits
the magnetic field dependence of 7¢ displayed by supercon-
ductors (Fig. S2 in the supplemental material) [40]. In order
to further differentiate the two superconductors, we estimate
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FIG. 1. Transport properties of BTS and BSTS at different pres-
sures below 15 K. (a) and (b) display temperature dependence of
electrical resistance obtained at different pressures for BTS. (c) and
(d) show resistance as a function of temperature measured at different
pressures for BSTS.
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FIG. 2. Characterizations of pressure-induced superconductivity
in BTS and BSTS. (a) and (b) show the results of high-pressure
ac susceptibility measurements on BTS and BSTS, displaying dia-
magnetic throws at pressures where the samples show the zero
resistance. (c) and (d) display upper critical field Hc, as a function of
superconducting transition temperature 7¢ for pressurized BTS and
BSTS. The insets display corresponding normalized critical field i*
as a function of r = T/ T¢.

the upper critical magnetic field (H.,) for the first and the
second superconducting phases of BTS and BSTS by us-
ing the Werthamer-Helfand-Hohenberg (WHH) formula [41]:
HoVHUH(0) = —0.693Tc(dHey /dT )r—7c. Figures 2(c) and
2(d) present the plots of H., versus ¢ obtained at different
pressures for BTS and BSTS. The estimated values of the
upper critical fields of BTS at zero temperature are ~0.34 T
at 12.5 GPa and 1.96 T at 20.9 GPa [Fig. 2(c)], while the H.,
values of BSTS are 0.57 T at 12.6 GPa, ~0.94 T at 15.4 GPa
and 2.27 T at 24.8 GPa [Fig. 2(d)]. The normalized critical
field h*(r) (here h*(t) = [Hceo(T)/Tcl/[dHeo(T)/dT N r=1)
as a function of t = T'/T¢ is also plotted for the two materials,
displayed in the inset of Figs. 2(c) and 2(d). The data show
that the dh*(t)/dt of the first superconducting phase of BTS
subjected to 12.5 GPa has a different slope from that subjected
to 20.9 GPa [inset of Fig. 2(c)], consistently demonstrating
that pressure indeed induces two distinct superconducting
phases in BTS. Similar behavior is also observed in BSTS
[inset of Fig. 2(d)]. The dh*(¢)/dt of the sample measured
at 15.4 GPa is different from that measured at 24.8 GPa,
suggesting that the two TIs investigated in this study show
the same kinds of changes under high pressure.

The electronic state of topological insulators is protected
by time-reversal symmetry [1,3,42,43] and therefore struc-
tural stability is one of the key issues for understanding the
superconductivity found in the pressure range of our experi-
ments. It is known that BTS maintains its tetradymite structure
to 8 GPa [29,44], but there are no reports of the high-pressure
structure of BSTS. Thus, we carried out high-pressure x-ray
diffraction measurements on BSTS. Figure 3(a) presents the
x-ray diffraction patterns collected at pressures up to 36.1 GPa
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FIG. 3. Structural information for pressurized BSTS. (a) X-ray diffraction patterns collected at different pressures, displaying pressure-
induced phase transitions at 13.1 GPa and 22.7 GPa. Stars (*) and the black solid dot in the figure indicate new peaks. (b) and (c) Refinements
results on the new phases at 17.3 and 36.1 GPa, illustrating that they crystallize in monoclinic and tetragonal unit cells, respectively.
(d) Pressure dependence of lattice parameters for rhombohedral (R), monoclinic (M), and tetragonal (T) phases.

for BSTS. Like other tetradymite TIs, BSTS crystallizes in a
rhombohedral (R) unit cell at ambient pressure [36,45] and
maintains the R phase up to ~10.9 GPa. It then undergoes
a structural phase transition at pressures between 10.9 and
13.1 GPa. The refinements for the high-pressure x-ray diffrac-
tion data collected at 17.3 GPa show that the high-pressure
phase is monoclinic (M) in space group C2/m [Fig. 3(b)].
On further increasing the pressure, BSTS converts into a
tetragonal phase in space group I4/mmm in the pressure
range of 22.7-36.1 GPa [Fig. 3(c)]. The pressure dependence
of lattice parameters in R, M, and T phases are presented in
Fig. 3(d).

To investigate whether the superconducting phases found
in pressurized BTS and BSTS still possess a nontrivial topo-
logical nature, we calculated the band structures for the M and
T phases for BTS based on the high-pressure x-ray diffraction
results [29]. Because the implied atomic disorder in the unit
cell of BSTS makes the appropriate computations difficult,
they were performed only for BTS. The calculations show
that these two superconducting phases lose their topological

nature due to the structural phase transitions under pressure
(Figs. S3, S4, and Table I in the supplemental material)
[46-54]. The universal superconductivity behavior that we
observe experimentally (see below) implies that the computed
character of BTS can be applied for all tetradymite TIs, with
differences in carrier concentration and disorder, of course.

We summarize our high-pressure experimental results on
BTS and BSTS in the pressure-temperature phase diagrams
[Figs. 4(a) and 4(b)]. It is seen that these two TIs show the
same type of behavior under pressure. There are three distinct
ground states in the diagrams: the topological insulating state
and the two superconducting states with distinct crystal struc-
tures. The first superconducting (SC-I) phase emerges in the
monoclinic (M) phase, and its maximum 7¢ is about 3.1 K for
BTS and 6 K for the BSTS. At pressure above 17.1 GPa (BTS)
and 22.1 GPa (BSTS), the second superconducting (SC-II)
phase with tetragonal (T) structure is found. The maximum
Tc value of the SC-II phase is almost two times higher than
that of SC-I phase, indicating that the T phase has a higher 7¢
in the these materials.
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FIG. 4. Pressure-temperature phase diagrams of tetradymite TIs. (a) and (b) Pressure versus superconducting transition temperature 7¢ for
BTS and BSTS, respectively. The acronym TI stands for the topological insulating state. SC-I and SC-II represent superconducting states with
distinct crystal structures. R, M, and T stand for rhombohedral, monoclinic, and tetragonal phases, respectively. S#1, S#2, and S#3 represent
samples 1, 2, and 3. (c) Plot of P/Pr_m and Tc/Tcmax for Bip Tes, BiySes, (Bi, Sb),(Se, Te)s, BTS, and BSTS, displaying a universal behavior

for the tetradymite TIs.

Finally, we compare the normalized 7Tc-pressure phase
diagrams for Bi,Se; Bi,Te; and (Bi, Sb),(Se, Te)s with the
results obtained in this study for BTS and BSTS. The nor-
malization has been done using the observed phase transition
pressures (The pressure of the rhombohedral to monoclinic
transition for all materials is taken as 1 on the horizontal axis,
and the maximum observed T¢ for each material is taken as 1
on the vertical axis.) The phase diagrams reveal a remarkably
universal character for all pressurized tetradymite TIs. As
shown in Fig. S5, the SC-I phase for all the tetradymite TIs
emerges at the appearance of the M phase and the SC-II
phase develops at the appearance of the T phase. The critical
pressures of the R to M and M to T transitions in differ-
ent compounds are not the same, and the superconducting
Tcs are not the same, but if we normalize the pressures
to P/Pr_wm, and the superconducting transition temperatures
to Tc/Temax, then a clear universal superconductivity phase
diagram is revealed for all the members of the tetradymite
family [Fig. 4(c)].

IV. CONCLUSION

In conclusion, we first find two pressure-induced supercon-
ducting phases in tetradymite topological insulators Bi, Te,Se

and Bij 0gSng02SbpoTe,S and demonstrate universal pres-
sure dependent superconductivity phase diagrams for all the
known tetradymite topological insulators. It is found that the
SC-I phase emerges in a monoclinic phase and the SC-II
phase appears in a tetragonal phase. The T¢ of the tetragonal
superconducting phase is higher than that of the monoclinic
superconducting phase. It is expected that the present work
provides information that can lead to a unified understanding
of the connection between crystal structure, topological char-
acter and superconductivity in pressurized tetradymites TIs.
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